HE role of radiosurgery in the treatment of tumors of the pineal region is controversial. The argument for radiosurgery is that the highly conformal treatment planning possible with radiosurgery allows delivery of cytotoxic doses of radiation to the target field while minimizing the dose delivered to neighboring vital structures. Hence, radiosurgery may be a less morbid alternative to treatment for these deep-seated lesions surrounded by eloquent structures. The argument against radiosurgery is twofold. First, for tumors with known radiosensitivity, radiosurgery is unnecessary. Second, for relatively radioresistant lesions (that is, low-grade lesions such as pineocytomas), GTR is curative and can usually be achieved with minimal complications.
Seventeen patients (10 male and 7 female) underwent GKS for pineal region tumors other than metastatic disease (Table 1) . Their mean age was 43.8 years (range 13-78 years).
Histopathological diagnosis was obtained in 15 cases by open biopsy via a supracerebellar infratentorial approach.
Twelve patients underwent open biopsy as their initial procedure. Endoscopic biopsy was followed by attempted resection and open biopsy in 3 cases (1 PNET, 1 NGGCT, and 1 low-grade astrocytoma). However, only one of these attempts was related to a nondiagnostic endoscopic biopsy. In two cases diagnosis was made by endoscopic biopsy only. No diagnoses were made by stereotactic biopsy.
The patient with a PNET lesion (Case 14) presented for GKS 9 years after his initial tumor resection; upon recurrence, only an endoscopic biopsy was performed before he underwent GKS.
Clinical follow-up data were obtained by chart review of a patient's most recent follow-up visit or by telephone. One patient (Case 10) died 6 days after GKS, and this case was excluded from the follow-up analysis. Follow-up imaging studies for the 16 remaining patients were evaluated by independent neuroradiologists for evidence of disease progression. Local control was defined as no change, partial response, or complete response.
Radiosurgery Technique
All patients were treated using Leksell Gamma Plan treatment planning software (versions 4.12-5.34, Elekta). The mean prescription dose was 14.06 Gy (range 12-18 Gy). The median and mode dose was also 14 Gy. All doses were prescribed to the 50% isodose line. The mean target volume was 7.42 cm 3 (range 1.2-32.5 cm 3 ). Between 7 and 27 isocenters (mean 11.4 isocenters) were used in treatment planning. Whenever possible, the Automated Positioning System (Elekta) was used to obtain highly conformal treatment plans.
Fourteen patients were treated with GKS as either the primary radiation modality or as a salvage therapy for a recurrence after conventional EBRT failed. Two patients, one with an NGGCT and another with an anaplastic astrocytoma, were administered a 15-Gy and 12-Gy GKS boost to the pineal region after receiving reduced-dose craniospinal radiation therapy (3600 cGy).
Results
Previous therapies (that is, interventions other than biopsy) included attempted tumor resection and/or debulking in 16 cases, IMRT in 3 cases (2 at a reduced dose with planned GKS boost), and chemotherapy with reduced-dose (3600 cGy) craniospinal radiation therapy in 3 cases (Table 2) . Two patients (Cases 3 and 5) had undergone repeated craniotomy for recurrent tumor (4 years and 1 year after initial surgery, respectively). One patient had undergone a single craniotomy at another institution (Case 2). Another patient had undergone multiple resections, both open and endoscopic, at another institution (Case 13). One patient (Case 11) had had no previous treatment other than endoscopic biopsy. Another patient (Case 7) underwent a GTR via a supracerebellar infratentorial approach and was treated with GKS to the tumor bed for presumed microscopic disease. Thus, 14 patients presented for GKS as a salvage treatment for residual or recurrent disease after attempted resection, biopsy, or previous whole-brain irradiation.
Sixteen patients underwent cerebrospinal fluid diversion procedures before GKS (5 ETVs and 11 VP shunt placements). Despite attempts to manage hydrocephalus with ETV, all patients but one (Case 11) eventually required a VP shunt. Two patients who initially underwent ETV required VP shunt placement before GKS while 2 others required VP shunt placement after GKS.
The time to GKS from initial diagnosis, treatment, or both ranged from 2 weeks to 16 years. Although 16 patients had undergone a previous resection, in 2 cases GKS was performed only after attempted repeated resection (Cases 3 and 5).
In another case (Case 10), the patient's condition was diagnosed at an outside institution, and the patient was treated with VP shunts and followed up for 16 years before MR imaging revealed evidence of progression. Upon resection (8 weeks before GKS) at our institution, the tumor was found to be a pineocytoma of mixed differentiation, with a moderately elevated MIB-1 index. The original treatment plan for this patient included postoperative IMRT. The patient's clinical condition was declining rapidly, however, and the decision was made to proceed with GKS in lieu of IMRT. Despite the GKS, the patient died 6 days after treatment. This patient was therefore excluded from follow-up analysis.
A complete imaging response was obtained in 2 patients and a partial response in an additional 8. Local control (defined as no change or partial or complete response) was established with a mean imaging follow-up of 31 months (range 1-95 months) in 16 patients (100%). In 1 patient with a malignant mixed germ cell tumor (Case 15), a new 1-cm nodule of enhancement was found to have developed in the treatment field 9 months after treatment. Previous interval imaging studies had demonstrated complete response of the tumor. The patient has been followed up with serial imaging. On the 73-month follow-up images, there was no longer evidence of enhancement. As of this writing, the patient has not received treatment for 5 years. In this case, the transient imaging finding may have represented a treatment effect.
In 2 patients (one with an anaplastic astrocytoma, the other with a PNET), leptomeningeal and spinal spread of tumor developed despite control of the pineal lesion. The patient with an anaplastic astrocytoma was treated with 5940 cGy IMRT with a GKS boost of 12 Gy to the pineal region, but leptomeningeal and spinal metastases subsequently developed. Palliative craniospinal irradiation and chemotherapy were initiated, but 8 months after GKS the treatment was discontinued because of the patient's poor tolerance of the side effects, and the patient died. The patient with a PNET underwent repeated GKS for 7 ventricular and suprasellar metastases and CyberKnife stereotactic radiosurgery for a chiasmatic lesion 35 months after initial GKS treatment. At the most recent follow-up (10 months), all lesions had responded to the repeated radiosurgery (Fig. 1) .
The mean duration of clinical follow-up was 31 months (range 1-96 months). There were no new neurological deficits attributable to GKS. There were 3 postoperative complications. One intracerebral hemorrhage required evacuation after an infratentorial-supracerebellar approach. There was one perioperative stroke and one intraventricular hemorrhage followed endoscopic biopsy. No complications were attributable to GKS.
Three patients died. One (Case 10) died 6 days after GKS and thus was excluded from further analysis. The second patient (Case 2) died 2 months after GKS; however, MR images obtained immediately before the patient's death showed a 75% reduction in the size of the lesion. The third patient (Case 12) experienced widespread distant metastases from his anaplastic astrocytoma; this patient's family elected to withdraw further care, and the patient died 8 months after GKS.
Discussion
The role of radiosurgery in the management of pineal region tumors remains controversial. Traditionally, pineal region tumors have either been approached surgically, with the goal of GTR and cure (if benign), or with conventional radiation, if the tumor type is known to be radiosensitive, malignant, or both. In contrast, radiosurgery has the potential to be used either as a "boost" modality in conjunction with conventional radiotherapy or as an alternative to radiotherapy, surgery, or both.
We have recently reviewed the English-language literature on the use of radiosurgery for the treatment of pineal region tumors. Nine such published reports were identified, including 97 cases. [1] [2] [3] [4] [5] [6] [7] [8] [9] Several factors, however, make it difficult to compare these studies to our study: small sample size, heterogeneity of diagnoses, and differences in radiosurgical techniques.
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Gamma Knife surgery for pineal region tumors 3 Perhaps the most significant issue in comparing our data to that of others is the heterogeneity of tissue diagnosis and tumor grade in our population of patients. Because of the histological heterogeneity of pineal region tumors and their relative lack of diagnostic specificity on preoperative imaging modalities, biopsy (whether stereotactic, endoscopic, or open) must be performed to obtain a tissue diagnosis before definitive treatment is instituted. We do not believe that empirical treatment of pineal region tumors with radiosurgery is justified, as the treatment paradigm is critically dependent upon tumor histological grade. For high-grade lesions, GKS may be more appropriate as a boost modality than as a primary treatment, while for low-grade lesions GKS may suffice as a stand-alone therapy. All 17 of our patients had undergone biopsy, and most had undergone a craniotomy for tumor debulking or resection. Four patients initially had undergone endoscopic biopsy followed by craniotomy.
The ideal means of obtaining a tissue diagnosis in patients harboring pineal region tumors is controversial. Open surgery, as opposed to stereotactic surgery or endoscopic biopsy, has been advocated as a superior means of obtaining accurate tissue diagnoses because of enhanced visualization of the tumor. A more representative sampling of the tumor can therefore be obtained for histopathological diagnosis. In our experience, in only one case was the need for open biopsy attributed to nondiagnostic sampling during attempted endoscopic biopsy. Although minimally invasive approaches to the pineal region (for example, endoscopy followed by GKS) are not the focus of this study, we have found them to be disappointing. We initially chose an endoscopic approach to the treatment of 5 patients with pineal region masses; in only 2 cases (Cases 8 and 11) did the patient avoid open craniotomy and/or EBRT. The lesions in these cases were diagnosed endoscopically, and we proceeded directly to treatment with GKS. The ETV failed in one of these 2 cases, however, and VP shunt placement was required. In fact, VP shunt placement was required in all but one of the cases initially managed with an ETV. The exception was Case 11.
We have favored a more invasive approach (open biopsy with attempted GTR or debulking). Nevertheless, this series, by definition, only includes cases in which patients underwent GKS, and therefore cases managed successfully by minimally invasive approaches with adjuvant EBRT or cases in which patients underwent GTR without any adjuvant therapy have been excluded.
Many authors have advocated a management algorithm for pineal region lesions that includes attempted GTR. Even in cases of malignant or radiosensitive tumors, debulking may be beneficial. 10 We observed no neurological benefit attributable to tumor debulking, although this was not an endpoint of the present study. Furthermore, although we have demonstrated high rates of tumor control with radiosurgery, we believe that craniotomy and GTR are the treatment modalities of choice for benign lesions or those thought to be benign. Only craniotomy and GTR offer the possibility of a definitive cure, given that the majority of patients in our series underwent craniotomy for open biopsy and hence incurred the attendant risks, we believe that a judicious attempt at GTR is warranted. As mentioned, in our opinion the role of endoscopy remains unclear. If GTR is impossible or can only be achieved with an unsatisfactory risk to the patient, then radiosurgery for residual or recurrent tumors offers a highly efficacious and minimally morbid alternative. Nevertheless, our data do support the use of GKS as a primary treatment modality for those patients in whom an adequate tissue diagnosis of a lowgrade neoplasm has been made via endoscopy or stereotactic biopsy.
Conventional radiation therapy is highly effective in the treatment of germ cell tumors and therefore of most pineal region tumors. Nonetheless, concerns about radiation toxicity, especially with regard to intellect and to the function of the hypothalamic-pituitary axis in children, have prompted efforts to reduce or avoid conventional radiation therapy. For the treatment of germ cell tumors, these efforts have led to the adoption of chemotherapy regimens shown to be efficacious in the treatment of gonadal germ cell tumors. Intracranial germ cell tumors, however, are not amenable to treatment with chemotherapy alone; they can be treated successfully with a combination of chemotherapy and reduced-dose radiation. The rationale for radiosurgery for radiation-sensitive tumors, either as a boost to reduce the dose of conventional radiation or to replace it, is similar to that of chemotherapy (that is, to avoid, delay, or reduce the dose of conventional EBRT).
We used radiosurgery both as an independent adjuvant therapy and in conjunction with conventional EBRT/IMRT in the management of malignant pineal region tumors, including malignant mixed germ cell tumor, anaplastic astrocytoma, PNET, and pineoblastoma. Unfortunately, both of our patients with malignant lesions who were treated with GKS in lieu of EBRT (as opposed to being treated with GKS as a boost modality) developed ventricular-leptomeningeal and spinal metastases after radiosurgery even though local tumor control was achieved. Despite the small sample size, we conclude that radiosurgery may be a useful alternative to conventional EBRT/IMRT for the treatment of these lesions, given the possibility of salvage treatment with either repeated GKS or EBRT. Radiosurgery must, however, be used with caution if it is to be used as a primary treatment for malignant disease.
Conclusions
We obtained excellent control of pineal region brain tumors with GKS when we used it in conjunction with surgery, conventional radiation therapy, or both. Because of the importance of histopathological characteristics in the natural history of these tumors, the specific treatment algorithm must be tailored to the individual patient. Overall, we believe that benign tumors are best approached surgically, with GKS being ideally suited to the treatment of residual or recurrent disease. We recognize that our mean follow-up (31 months) may still be too brief to demonstrate conclusively the efficacy of GKS in the management of slowgrowing, benign tumors. We also used GKS successfully in conjunction with reduced-dose craniospinal radiation therapy in the treatment of malignant pineal region tumors when GKS was planned as a boost modality. Based on our experience, we believe that multimodal treatment, including surgery, conventional radiation and/or radiosurgery, and chemotherapy (when applicable), provides the most effective strategy for optimizing patient survival and quality of life.
